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Abstract
Glaciers are sensitive climate indicators and thus subject to monitoring of environmental and climate changes. 
Remote sensing techniques are often the only way to analyze glaciers in remote mountains and to monitor a large 
number of glaciers at the same time. Although several glacier mapping methods exist, often, results are still not good 
enough for in-depth conclusions. In particular, this is true for debris-covered glaciers. For the Bernina Group in the 
Swiss Alps and for the northern Tien Shan in Kazakhstan and Kyrgyzstan a glacier mapping was undertaken employ-
ing digital elevation models (DEMs). DEMs were generated from ASTER and SRTM3 data and compared with each 
other and -for the Bernina Group- compared with the Swiss DHM25L2. Whereas ASTER DEM elevations are too high 
on average, SRTM3 DEM elevations are slightly too low. However, both DEMs are of good use for glacier delineation. 
The glacier mapping approach includes Landsat TM4/TM5-ratio images, multispectral and morphometric analysis. 
Results are satisfying for debris-free and larger debris-covered glaciers in both study areas. The next step should be 
an automated glacier mapping method.
KEYWORDS: Glacier mapping, debris-covered glacier, DEM analysis, morphometric analysis, ASTER DEM, SRTM DEM, 
Tien Shan, Swiss Alps
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1. Introduction
Mountain glaciers interact sensitively with climate and 
therefore they are climate indicators (Oerlemans, 1994). 
The international program Global Land Ice Measurements 
from Space (GLIMS) monitors extent, changes, and dynam-
ics of glaciers worldwide using satellite data, particularly 
from the ASTER sensor (Bishop et al., 2004; Kargel et al., 
2005). Much work has been done to analyze glaciers and 
glacier changes using remote sensing techniques (Bishop 
et al., 2000; Della Ventura et al., 1987). For instance, sever-
al methods such as supervised classiﬁ cation or threshold-
ing of ratio images are available to delineate the glacier 
ice (Bayr et al., 1994; Gratton et al., 1990; Paul et al., 2002; 
Sidjak and Wheate, 1999). Thresholding of ratio images 
after a time-intensive manual digitizing was found to be 
the most accurate method (Paul, 2000). However, all such 
(semi-)automated methods failed to include debris-cov-
ered glacier areas due to spectral similarity to surround-
ing bedrock (Hempel, 2005). Consequently, debris-covered 
glaciers are still mapped mostly manually, which is time-
intensive and therefore not suitable for studying larger 
areas (Paul, 2002; Williams et al., 1997). Recent mapping 
approaches focus on a more accurate mapping of debris-
covered glaciers (Paul et al., 2004). The aim of this study is 
to show the capability of accurate glacier mapping using 
multispectral data, digital elevation models (DEMs), and 
morphometric analysis for the Bernina Group in the Swiss 
Alps and for the northern Tien Shan in Kazakhstan and 
Kyrgyzstan. For the entire Swiss Alps, an accurate DEM 
with 25 m horizontal resolution exists. However, for the 
Tien Shan and many other high mountain regions high 
quality DEMs are not available, but DEMs can be gener-
ated from ASTER or SRTM data. 
2. Background and Previous Studies
Not only in the Himalayas, but also in the Alps and other 
high mountains like the Tien Shan many valley glaciers 
are partially covered by supraglacial debris. Glacier retreat 
often causes a relative increase in debris-covered glacier 
area. For instance, for the Tschierva Glacier in the Bernina 
Alps our own multitemporal remote sensing analysis of 
Landsat imagery show an increase of the glacier’s debris-
covered area by 1% between 1992 and 1999. 
One way to distinguish between a debris-covered gla-
cier and surrounding bedrock is by using surface tempera-
tures as the supraglacial debris is often cooler due to the 
underlying ice. Ranzi et al. (2004) documented the high 
potential of using the thermal signature from ASTER and 
Landsat imagery for glacier mapping. Another approach 
to debris-covered glacier mapping is to include morpho-
metric parameters such as slope and curvature. Models 
for morphometric classiﬁ cations based on the hierarchi-
cal organization of topography where presented by Dikau 
et al. (1995). Bishop et al. (2001) presented a two-folded 
hierarchical model including elevation, slope, aspect and 
curvature derived from a SPOT DEM for debris-covered 
glaciers at Nanga Parbat in Pakistan. Paul et al. (2004) 
followed a semi-automated approach mapping a debris-
covered glacier in the Swiss Alps from a TM4/TM5-ratio 
image and using the slope (<24°). Further improvements 
of the glacier map were then reached from a vegetation 
classiﬁ cation using multispectral data, neighborhood 
analyses and change detection. This approach required a 
DEM of high accuracy such as the Swiss DHM25L2 with 25 
m horizontal resolution (Swisstopo 2004). 
However, such detailed DEMs are not available for many 
other mountain areas. ASTER data allow for the genera-
tion of DEMs with a horizontal resolution of 30 m, and in 
addition multitemporal data sets allow for comparisons 
of DEMs from one location. Although in high mountains 
the extreme topography makes the DEM generation in 
general more difﬁ cult, ASTER DEMs can still be of good 
accuracy and useful for geomorphologic and glacier map-
ping (Bolch and Kamp, 2003; Eckert et al., 2005, Gspurn-
ing and Sulzer, 2004; Kääb et al., 2003; Kamp et al., 2005, 
Paul et al., 2004). Accurate ASTER DEMs require precise 
ground control points (GCPs), which should be well-dis-
tributed over the scene and different altitudes (Bolch et 
al., 2005; Eckert et al., 2005). Unfortunately, for many re-
mote mountains exact GPS measurements of GCPs often 
require intense and difﬁ cult ﬁ eld campaigns. Artifacts 
might be introduced to the DEM, if the ASTER scene is 
not nearly cloud-free (<5 – 10% clouds). However, artifacts 
in the ASTER DEM can be substituted by SRTM3 data of 
90 m horizontal resolution (Bolch et al., 2005). Although 
even DEMs from SRTM3 data show artifacts in extreme 
topographies, they can still be of similar or even higher 
accuracy than ASTER DEMs (Büyüksalih et al., 2004; Jacob-
sen 2005). SRTM3 data can easily be downloaded for free 
from the internet. 
3. Study Areas
The ﬁ rst study area includes the Bernina Group in the 
Central Alps at the border between Switzerland and Italy 
(Figure 1a). The highest peak Piz Bernina (46°22’N, 9°54’E) 
is at 4049 m asl. The Bernina Group is one of the heavi-
est glaciated areas in the European Alps. Its glaciers are 
mostly mountain glaciers, but several valley glaciers ex-
ist reaching down to 2100 m asl. Larger glaciers are often 
partly covered with debris.
The second study area includes Zailiskiy and Kungey 
Alatau (42°30’– 43°30’N; 75°–79°E) in the northern Tien 
Shan of Kazakhstan and Kyrgyzstan (Figure 1b). From the 
Kazakh Steppe at 800 m asl. to the north both mountain 
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ranges rise up to nearly 5000 m asl. Lake Issyk-Kul at 1608 
m asl. lies to the south. Although a general continental 
climate, great climatic differences can occur over small 
distances. Mostly mountain glaciers and several valley 
glaciers do exist reaching down to 3500 m asl. Whereas 
most of the glaciers are nearly debris-free, larger glaciers 
are partly covered with debris. 
4. DEM Generation
4.1. Bernina Group, Swiss Alps
For the Bernina Group in the Swiss Alps a precise DEM of 
25 m horizontal resolution is available (Swisstopo 2004). 
The level two-product (DHM25L2) includes improved topo-
logical information such as surfaces of glaciers and mo-
raines. It represents the topography and glacier extents in 
1991. For the ASTER Level 1A data from September 17, 2004 
many clouds cover the southern part of the scene, whereas 
the northern slopes and most parts of the southern slopes 
of the Bernina Group are cloud-free. The ASTER DEM was 
generated using PCI Geomatica OrthoEngine 8.2. The gen-
eration included 25 GCPs (based on ﬁ eld measurements 
and the Topographic Map of Switzerland 1:25,000) and 51 
tie points (TPs) from different altitudes, and the prelimi-
nary DEM was then recalculated with the highest level of 
detail. The RMSEx,y was <15 m for the GCPs and 4 m for the 
TPs. The resulting DEM still contained many artifacts like 
non-existing holes on steep slopes and non-existing peaks 
and pits especially under clouds, in ice-covered areas and 
in water bodies. For DEM improvement, the holes where 
interpolated automatically using a spline algorithm. To 
eliminate the peaks and pits and for smoothing reasons 
contour lines were calculated from the DEM, then manu-
ally improved and ﬁ nally interpolated with the spline-
with- tension algorithm. Although the overall quality of 
the ﬁ nal ASTER DEM is satisfactory, it is of lower quality 
than the Swiss DHM25L2. The overall quality of the SRTM3 
DEM for this study area is good, although data holes exist 
along the entire ridge around the highest peak, particu-
larly at the southern slopes. Since the holes were too large 
for an automated interpolation, they were ﬁ lled with AS-
TER DEM data using the software SAGA.
Both ASTER and SRTM3 DEMs were compared with the 
DHM25L2. The elevations in the ASTER DEM are often too 
high, strictly speaking 8.3 m on average (Figure 2, Table 1). 
A high RSMEz of 28.4 m and a high standard deviation of 
43.7 m might contribute to such inaccuracies. Although 
the maximum deviation of +330 m and the minimum de-
viation of -269 m are also very high, this is not unusual 
for high mountains (Kääb et al., 2003). Highest deviations 
can be found at steep slopes. In contrast to this, the eleva-
tions in the SRTM3 DEM are often too low, namely -9.8 m 
on average (Figure 2, Table 1). In general, it appears much 
smoother than the ASTER DEM. The maximum deviation 
of +210 m occurs, again, at steep slopes. The lower hori-
zontal resolution of the SRTM3 DEM and a smoother to-
pography might attribute to inaccuracies. For instance, 
small gullies and lateral moraines are difﬁ cult to identify. 
However, despite all inaccuracies both ASTER DEM and 
SRTM3 DEM can be used for mapping glacier extents.
4.2. Northern Tien Shan, Kazakhstan 
and Kyrgyzstan
For the northern Tien Shan in Kazakhstan and Kyr-
gyzstan no DEM other than from the SRTM3 C-Band data 
with 90 m horizontal resolution was available. The DEM 
has only few artifacts mainly near the highest Peak Pik 
Talgar at 4978 m asl. All holes were interpolated using a 
spline algorithm. For evaluation reasons parts of the ﬁ nal 
SRTM3 DEM were compared with a DEM derived from 
Russian topographic maps (1:100,000) from the late 1970s 
Figure 1: Source: DHM25 (©Swisstopo), ASTER-Scene from Oct. 2004 (Layers 3-3-1); B: Northern Tien Shan, Source: SRTM3-DEM, Landsat-
scene from Aug. 1999 (Layers: 7-4-2); DHM25 reproduced with the permission of swisstopo (BA057533).
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with an equidistance of 40 m. For the latter a spline-with-
tension algorithm was used for interpolation. Both DEMs 
match very well, especially in areas of smooth slope an-
gles, whereas larger differences occur in steeper terrain 
(Figure 3). In general, SRTM DEM elevations are slightly 
lower, whereas the DEM derived from the Russian maps 
offers some more topographical detail (Table 2). With 
+283 m and -297 m the maximum and minimum devia-
tions are high. The reason for this is the replacement of 
steep slopes by hachures in the contour DEM, i.e. accu-
rate digitizing was somewhat problematic. Certainly the 
SRTM3 DEM is usable for glacier mapping.
A third DEM was generated from two ASTER Level 1A 
scenes: one from October 2000 (cloud cover 5%) covering 
the northern part of the study area; another from Septem-
ber 2001 (cloud cover 20%) covering the southern part. 
All in all 33 GCPs from ﬁ eldwork and topographic maps 
(1:100,000) and 45 TPs were collected. The total RMSEx,y 
was <20 m for the GCPs and <8 m for the TPs. Artifacts 
in the raw DEM mainly resulted from clouds. Thus, cloud-
covered areas were therefore marked, clipped and ﬁ lled 
with SRTM3 data. A seamless transition between the two 
data sets was achieved using a blending tool of the SAGA 
software. Since the overall quality of the ﬁ nal ASTER DEM 
is good, there was no need for further post-processing 
(Bolch et al., 2005). 
5. Glacier Mapping from Multispectral 
Images
5.1. Bernina Group, Swiss Alps
Ratio images have been successfully used for the deline-
ation of glaciers for the Swiss Glacier Inventory (SGI) and 
a study in the Inner Tien Shan (Narama et al., 2006; Paul 
et al., 2002). In this study, a Landsat ETM+ scene from Sep-
Figure 2: Deviation in elevation of both (A) ASTER DEM and (B) SRTM3 DEM from the reference DHM25L2 for the Bernina Group, Swiss 
Alps; DHM25 reproduced with the permission of swisstopo (BA057533).
Min. Max. Mean Std. Dev. RSMEz
ASTER -269 m 330 m 8.3 m 43.7 m 28.4 m
SRTM3 -192 m 210 m -9.8 m 17.1 m 9.8 m
Table 1: Deviation in elevation of both ASTER DEM and SRTM3 
DEM from the reference DHM25L2 for the Bernina Group, Swiss 
Alps.
Figure 3: Deviation in elevation of the SRTM3 DEM from the DEM 
from contour lines for the Tien Shan study area.
Min. Max. Mean Std. Dev. RSMEX,Y
-297 m +283 m -1.9 m 39.3 m 28.3 m
Table 2: Deviation in elevation of the SRTM3 DEM from the DEM 
from contour lines for the Tien Shan study area.
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tember 13, 1999 covering the Bernina Group in the Swiss 
Alps was downloaded for free from the Global Landcover 
Facility (GLF) at the University of Maryland. Although the 
main glacier tongues are snow-free, few clouds partly cov-
er upper parts of some glaciers mainly at southern slopes. 
In a ﬁ rst step, TM4/TM5- and TM3/TM5-ratio images were 
calculated and segmented using a threshold value of 1 
(Figure 4). In the TM3/TM5-ratio image nearly all debris-
free ice areas could be identiﬁ ed. At the same time, several 
shaded slopes were over-emphasised, and all water bod-
ies were misclassiﬁ ed as glaciers. Overall, the TM4/TM5-
ratio image resulted in a better classiﬁ cation. 
In a second step, three land cover classes could be iden-
tiﬁ ed using the Normalized Difference Vegetation Index 
(NDVI): water bodies (NDVI <-0.4), non-vegetated areas 
(-0.4–0.01), and vegetated areas (NDVI >0.01). As a result 
nearly all former misclassiﬁ ed pixels in vegetated areas 
and water bodies were eliminated. However, single pixels 
in shaded areas (<1% of entire area) still remained misin-
terpreted as glacier ice. Those pixels were ﬁ rst converted 
to vector data, then identiﬁ ed by size setting the threshold 
to 200 m2, and ﬁ nally deleted. Still problematic remained 
debris-covered and cloud-covered areas as well as areas in 
dark shadow (Figure 5). One way to eliminate these fail-
ures could be manual delineation, but unfortunately, even 
such visual interpretation is difﬁ cult in debris-covered ar-
eas and areas in dark shadow. For areas under clouds only 
a DEM and/or ﬁ eld experience supports the mapping. 
In the evaluation of the glacier delineation the 1999 
glacier polygons of the Swiss Glacier Inventory (SGI, Paul 
2003) were used. By employing only the ratio images the 
glaciated areas are approximately 5% to small, whereas an 
Figure 4: Bernina Group, Swiss Alps. (A) TM4/TM5-ratio image; (B) delineation TM4/TM5 >1 (white), delineation TM3/TM5 >1 (white and 
red); (C) NDVI; (D) delineation of glaciers (white), vegetated areas (green), water (blue), rock and debris (brown).
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additional manual mapping leads to very similar results to 
the Swiss Glacier Inventory (Table 3). The remaining only 
small variation of <1% originates in the experts’ interpre-
tations of the debris-covered areas and the small cloud. 
5.2. Northern Tien Shan, Kazakhstan 
and Kyrgyzstan
The same mapping approach was also applied to gla-
ciers in the northern Tien Shan. Landsat ETM+ imagery 
from August 8, 1999 was downloaded for free from GLF. 
The glacier tongues are snow-free, but a few clouds partly 
cover some glaciers mainly at southern slopes. Again, the 
mapping results from the TM4/TM5-ratio image are of 
high accuracy, and this is even true for shaded snow and 
ice surfaces. Problems still appear in areas under clouds 
and in some debris-covered glacier parts (Fig. 6). An evalu-
ation of results was carried out for the Malaya-Almatinka 
Valley, for which a detailed topographic map 1:10,000 
based on a 1998 ﬁ eld campaign exists (Eder et al., 2002). 
Again, glacier parts under cloud cover required a manual 
elimination. Differences between the corrected areas in 
the imagery and the corresponding areas in the topo-
graphic maps are only around 3% (Table 4).
6. Morphometric Glacier Mapping
6.1. Bernina Group, Swiss Alps
A morphometric glacier mapping (MGM) of debris-cov-
ered glaciers in the Bernina Group followed the approach 
Figure 5: Problematic areas for delineation of glaciers in the Bernina Group, Swiss Alps. (A) debris cover; (B) dark shadow; (C) clouds.
(1) TM4/TM5-ratio image (2) Ratio image plus manual mapping (3) Glaciated area from SGI Difference(2) to (1)
Difference
(3) to (2)
60,80 km2 64,13 km2 64,62 km2 -5,2% -0,8%
Table 3: Results for delineation of glaciers in the Bernina Group, Swiss Alps, following different approaches.
Figure 6: Northern Tien Shan. (A) Delineated glaciated areas in Malaya-Almatinka-Valley using TM4/TM5-ratio images; (B) comparison 
with glacier outlines in the topographic map 1:10,000 (Eder et al., 2002).
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presented by Paul et al. (2004). First, slope angles were 
calculated using the DHM25L2 and setting the threshold 
to 24°, which helps to identify smoother glacier parts, in 
particular in the ablation zone. Problematic is the deter-
mination of the boundary between glacier terminus and 
outwash plain (Figure 7a). Furthermore, glaciers without 
any lateral moraines are difﬁ cult to delineate. Although a 
lower threshold of 18° improves the delineation of the ter-
minus, several “glacier pixels” are now excluded. Last but 
not least, several glaciers with a more complex morphol-
ogy show some classiﬁ cation inhomogeneity due to exist-
ing icefalls or steeper terminus slopes. Paul et al. (2004) 
experienced similar problems and suggested a multitem-
poral approach. The glaciers were also mapped using the 
SRTM3 DEM. Using only the slope for the morphometric 
analysis led to misinterpretations of the glacier terminus 
and the lateral moraines, since here resolution and preci-
sion of the SRTM3 DEM are insufﬁ cient (Figure 7b). Using 
the ASTER DEM did not lead to signiﬁ cantly better results. 
Nevertheless, for the Grosser Aletschgletscher in the Swiss 
Alps Paul et al. (2004) found ASTER DEMs of good use for 
glacier delineation, although accepting higher inaccura-
cies than using the DHM25L2.
In the DHM25L2, which represents the glacier extent 
of the year 1991, the shaded relief allows for identiﬁ ca-
tion of glacier tongues and lateral moraines of Tschierva 
Glacier (Figure 8a). Since the MGM using the slope alone 
did not lead to satisfying results, the DHM25L2 had ﬁ rst 
to be smoothed with a 3x3 ﬁ lter to obtain more homoge-
nous areas. Following the approach of Schmidt and Dikau 
(1999) for describing landforms, plan curvature and proﬁ le 
curvature were now employed for glacier mapping, and 
both were calculated after Zevenberg and Thorne (1987) 
using the software SAGA. A cluster analysis combined 
surfaces of similar characteristics. An aggregation of ten 
clusters showed best results (Figure 8b). In particular, 
glacier surfaces and valley bottoms and other areas of no 
or poor convexity represented by the light bluish-grayish 
color are recognizable. Dark blue and green colors repre-
sent (strongly) convex areas such as ridges and lateral mo-
Table 4: Northern Tien Shan. Glaciated areas in the Malaya-Almatinka Valley delineated from the topographic map 1:10,000 after Eder et 
al. (2002), from Landsat imagery, and from the World Glacier Monitoring Service (WGMS).
Figure 7: Classiﬁ cation of slope at Tschierva Glacier and Roseg Glacier, Bernina Group, Swiss Alps. Green: <18°; yellow: 18 – 24°; red >24°. (A) 
DHM25L2; (B) merged SRTM3/ASTER-DEM ; DHM25 reproduced with the permission of swisstopo (BA057533).
Glacier
Area 1998 (TopoMap 
1:10000)
 [km2]
Area 1999 (Landsat, 
original) 
[km2]
Area 1999 (Landsat, 
improved) 
[km2]
Area 1999
(WGMS)
[km2]
Difference in Area 
Landsat improved 
to TopoMap [%]
Molodezhnyj 1.16 1.12 1.12 n. a. -0.04 (-3.4%)
Zon Kosmodemjan 0.24 0.22 0.22 n. a. -0.02 (-8.3%)
Tsentralnyj Tuyuksu 2.60 2.19 2.51 2.56 -0.09 (-3.5%)
Igli Tuyuksu 1.21 1.12 1.19 n. a. -0.02 (-1.7%)
Ordzhonikidze 0.25 0.24 0.24 n. a. -0.01 (-4.0%)
Mayakovskogo 0.12 0.11 0.11 n. a. -0.01 (-8.3%)
Manshik Mametovoj 0.32 0.33 0.33 n. a. +0.01 (+3.0%)
Total 5.90 5.33 5.72 n. a. -0.18 (-3.1%)
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raines. Orange color represents moderate convexity which 
can be found, for instance, at medial moraines. Red and 
yellow colors are (strongly) concave parts such as transi-
tions between glacier margins and lateral moraines. In a 
next step the number of clusters was reduced to three by 
taking account of the described curvature characteristics 
(Figure 8c). The ﬁ nal result is an improved glacier deline-
ation which includes debris-covered glacier parts (Figure 
8d). The described MGM method also helps to map the 
accumulation zone of glaciers and smaller mountain 
glaciers, although some inaccuracies still exist. However, 
both are often free from debris-cover, therefore here the 
ratio image method is the better choice for mapping. 
The MGM method was also tested using the SRTM3 
DEM, which resolution and accuracy are lower than for 
the DHM25L2 and which represents the glacier extent of 
early 2000 (Figure 9a). In general, delineation results are 
of lower quality, although the main curvature classes are 
properly represented and glacier tongues can still be iden-
tiﬁ ed (Figure 9b-d). For the study area, employing the AS-
TER DEM for such analysis does not improve the mapping 
results.
6.2. Northern Tien Shan, Kazakhstan 
and Kyrgyzstan
For the Tien Shan, the MGM method was applied to 
glaciers in the Malaya-Almatinka Valley. In general, su-
praglacial debris covers relatively small areas (<3%), and 
mainly the glacier terminus of the largest valley glacier 
Tsentralniy Tuyuksu. The SRTM3-DEM ﬁ rst was resampled 
to a 30 m horizontal resolution, and then plan and proﬁ le 
curvature were extracted and classiﬁ ed into ten clusters. 
Landform elements are well deﬁ ned; dark blue colors rep-
resent high convexity of mountain ridges, and light blue 
color represents areas of very low convexity such as gla-
ciers and valley bottoms (Figure 10a). Larger glaciers are 
well identiﬁ able such as in the Chilik Valley where glaciers 
have relatively dense debris-covers. Using only the TM4/
Figure 8: Morphometric glacier mapping of Roseg Glacier and Tschierva Glacier. (A) Shaded DHM25L2; (B) clusters of plan and proﬁ le 
curvature; (C) reduction to three clusters; (D) clusters overlying Landsat scene from 1992 ; DHM25 reproduced with the permission of 
swisstopo (BA057533).
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TM5-ratio image for the delineation of the Novyj Glacier 
leads to insufﬁ cient results (Figure 10b). However, the 
MGM approach correctly identiﬁ es the entire terminus 
(Figure 10c). Again, this proves the capability of the MGM 
method for valley glacier mapping. Employing the ASTER 
DEM did not signiﬁ cantly improve the results. 
7. Conclusion
For the Bernina Group in the Central Alps the compari-
son between the Swiss DHM25L2, the SRTM3 DEM and a 
generated ASTER DEM revealed elevation inaccuracies of 
the two latter ones. Whereas ASTER DEM elevations are of-
ten too high, SRTM3 DEM elevations are often slightly too 
low. Due to a higher horizontal resolution, smaller land-
forms are identiﬁ able in the raw ASTER DEM. However, 
post-processing procedures for eliminating holes, peaks, 
pits and stripes cause loss of accuracy and detail. This was 
especially true for the Bernina Group, where in the end the 
ASTER DEM was not more useful than the SRTM3 DEM of 
lower horizontal resolution. Nevertheless, for the Grosser 
Aletschgletscher in the Swiss Alps Paul et al. (2004) found 
ASTER DEMs of good use for glacier delineation. On the 
other hand, for the Swiss study area the SRTM3 DEM lacks 
data points at mountain peaks and steep slopes due to the 
radar shadow effect. However, such areas can be substi-
tuted by ASTER DEM data (see also Kääb, 2005). The main 
advantage of ASTER DEMs is the capability to generate 
multitemporal DEMs which supports glacier monitoring 
studies.
Following the approach of Paul et al. (2002), a glacier 
mapping using a TM4/TM5-ratio image in combination 
with a multispectral image analysis to eliminate misclas-
siﬁ ed pixels was successfully applied to clean-ice glaciers 
in both study areas. Bolch (2006) followed this method 
to map glacier changes in the northern Tien Shan. For de-
bris-covered glaciers or glacier parts, an additional mor-
phometric glacier mapping approach (MGM) that focuses 
on curvature characteristics is capable to identify also 
supraglacial debris. However, results heavily depend on 
resolution and quality of the employed DEM as well as the 
Figure 9: Morphometric glacier mapping of Roseg Glacier and Tschierva Glacier. (A) Shaded SRTM3 DEM; (B) clusters of plan and proﬁ le 
curvature; (C) reduction to three clusters; (D) clusters overlying Landsat scene from 1999.
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speciﬁ c glacier characteristics such as surface features. 
Larger valley glaciers in the Bernina Group were success-
fully identiﬁ ed using the DHM25L2. Using the ASTER DEM 
or the SRTM3 DEM the delineation resulted in higher in-
accuracies. For the northern Tien Shan, where no detailed 
DEM exists, the MGM approach in combination with AS-
TER DEMs or SRTM3 DEMs led to good delineation results 
for larger valley glaciers. 
Ongoing studies focus on an automation of the MGM 
approach for debris-covered glaciers. 
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